A large fraction of major intracontinental strike-slip faults, defi ned here as those slipping at rates of ~10 mm/yr or more, lie adjacent to relatively strong regions, such as oceanic lithosphere or Precambrian shields. We suggest that such faults form adjacent to discontinuities in strength, because strain in a continuous medium must concentrate near such strong objects. Concentration in strain is enhanced in deforming continua where viscosity is non-Newtonian, and hence where strain rates vary with deviatoric stress raised to a power greater than one, as is the case for rock-forming minerals at low temperatures characteristic of the lithosphere. Conversely, in regions where deformation is spread over a wide region, such as in the Basin and Range Province of the western United States or in the high interior of the Tibetan Plateau, the absence of strong objects may allow deformation to be diffuse without the development of rapidly slipping faults.
INTRODUCTION
Almost by defi nition, transform faults between oceanic plates pass through the entire lithosphere as narrow shear zones, but the nature of strike-slip faults within continents remains a subject of discussion. Some imagine that major strike-slip faults in continents also act as plate boundaries and can be defi ned as narrow shear zones beneath the much thicker crust of continents than that of oceanic regions (e.g., Peltzer and Tapponnier, 1988; Tapponnier et al., 1986 Tapponnier et al., , 1990 Tapponnier et al., , 2001 . Others see strike-slip faults, including major ones, not only marking discontinuities in the velocity fi eld, but also serving as passive markers in the deformation fi eld of the brittle upper part of lithosphere, which deforms continuously at depth (e.g., Davis et al., 1997; England and Houseman, 1986; Molnar, 1990, 1997; Flesch et al., 2001 Flesch et al., , 2005 Holt, 2000; Holt et al., 1991) . Both views can be seen as end members. Minor faults separating small blocks of crust almost surely do not pass straight down into the lithosphere as narrow shear zones. Slip on many major intracontinental strike-slip faults, however, absorb large fractions of relative plate movement between lithospheric plates and deforming regions, e.g., the Alpine fault in New Zealand, the San Andreas fault in California, and the North Anatolian fault in Turkey. Thus, if these different views are to be tested, major, not minor, strike-slip faults are likely to provide the necessary evidence (leaving aside for the moment how one decides what defi nes a major fault).
Strain will concentrate near the boundaries of relatively strong regions immersed within a deforming medium, with the degree to which strain rates concentrate dependent on the constitutive law that relates stress and strain rate (e.g., Bell et al., 1977; Dayem et al., 2009) . Thus, some degree of localization should develop within a homogeneous viscous substance near its boundaries with more viscous material. We tested the idea that deformation near the Altyn Tagh fault, which bounds the rigid Tarim Basin on the north from the deforming Tibetan Plateau to the south, occurs without additional weakening such as by dissipative heating or grain-size reduction, and hence that the material properties of lithosphere beneath Tibet and beneath the Tarim Basin remained constant as deformation accumulated (Dayem et al., 2009) . Although localized deformation occurs along the boundary between material with different viscosity coeffi cients (Fig. 1) , we found that additional weakening must occur to localize deformation in order to mimic the extent to which strain has been concentrated in a narrow zone along the Altyn Tagh fault (Dayem et al., 2009 ). Thus, we cannot reject the idea that strain localizes in the mantle beneath major faults, as Peltzer and Tapponnier (1988; see also Tapponnier et al., 1986 see also Tapponnier et al., , 1990 see also Tapponnier et al., , 2001 ) have argued.
The need for such localization of strain and the evolving development of lateral variations in material properties along the Altyn Tagh fault poses another question: are heterogeneities in strength a necessary prerequisite for localization of strain within the mantle? To address this question, we summarize data concerning major strike-slip faults with the view of asking, to what extent do major strike-slip faults develop adjacent to marked heterogeneities in strength? Answering this question requires answering a number of somewhat arbitrary questions, not just, what defi nes a major fault?
Before pursuing these questions, we review the basic reasoning that underlies asking such questions in the fi rst place. We fi rst give a brief discussion of how nonlinear viscosity can enhance the concentration of strain near a strong region in a continuously deforming medium. We then digress to discuss how localization of strain can develop once a shear zone is present and dissipative heating allows localized weakening. This form of localization is not the process that we consider here, but the process that allows strain to be localized in narrow zones once some concentration of strain has begun. We then consider brittle faulting in the upper crust, which also is not the main motivation of our study. As faults result from brittle deformation, and they clearly are important in the deformation that we see at the surface, we do not neglect them. Brittle fracturing of the upper crust, however, cannot alone account for the existence of major faults. Given that most faults are minor, we see them as surface manifestations of deeper processes, and following the discussion of brittle processes, we ignore them. The main part of the paper is a discussion of evidence of major faults and their tectonic settings, most of which is relegated to the Appendix.
Localization of Strain Near Heterogeneity in Strength (or Viscosity)
Simple arguments show that, in a viscously deforming solid that obeys a nonlinear relationship between deviatoric stress, τ, and strain rate, ε; e.g., ε ~ τ n , where n > 1, strain localizes near a strong region. The state of stress is governed by the equation of equilibrium, or Stokes's equation, which may be written as
Here P − = τ σ~ is the stress tensor; τ is the deviatoric stress tensor, P is pressure, ρ is density, g is gravity, and ẑ is the unit vector pointing upward (tensile stresses are positive.) Let us consider the simple case in which the boundary of a strong region is parallel to the y axis, and deformation occurs largely in response to shear, τ xy , on vertical planes parallel to that axis. To a good approximation, we may ignore variations in the y direction. In the simple case of largely strike-slip deformation with no body force, only one of the three components of equation 1 need be considered:
For n > 10, as might be appropriate for mantle lithosphere colder than ~700 °C (e.g., Evans and Goetze, 1979; Raterron et al., 2004) , strain is yet more localized near the boundary between regions of different strength (e.g., Dayem et al., 2009) . Where τ xy decreased by 2 times, strains would be 2 10 = 1024 times smaller than at the boundary, and for linear decrease in stress, the strain rate would drop to half its maximum value at x = 0.134x 0 . Thus, the nonlinear viscosity that we expect for rock-forming minerals and for the lithosphere in general should enhance localization of strain near strong regions.
Dissipative Heating and Localization of Strain
Slip on most faults in the upper crust occurs during earthquakes, and some of the strain energy that is released during the earthquakes is radiated away by elastic waves, but most suppose that the radiated energy is a small fraction (<~10%) of the total strain energy released. At the shallow depths where earthquakes occur, some strain energy is dissipated in the comminution of particles and the creation of new surfaces. Hence, strain energy is lost as surface energy, but most consider this also to be small (e.g., Chester et al., 2005; Lockner and Okubo, 1983; Olgaard and Brace, 1983 ; see Wilson et al. 2005 , for a different view). Most dissipation leads to heating of the surrounding rock. That heating can, in turn, weaken the adjacent rock and reduce the resistance to slip, so that the fault zone develops into a zone of weakness within intact, stronger rock.
In the simple case of a fault separating two half-spaces that slide past one another at a constant rate, shear heating of the fault will raise the temperature there, and heat will diffuse into the adjacent half-spaces. If the strength of the material decreases with increasing temperature, as the temperature rises, the stress and rate of heating will decrease. Concurrently, as heat diffuses laterally from the fault, the weakened zone near the fault grows wider. Thus, dissipation will be spread over an increasingly wider zone. For this idealized case, the shear zone will widen continuously (e.g., Fleitout and Froidevaux, 1980; Yuen et al., 1978) .
If a strike-slip fault separates two quarterspaces, and the top surface is maintained at a fi xed temperature, as in the Earth, then heat will diffuse not only horizontally outward from the fault, but also upward to the top surface. Initially, such a shear zone would widen, as heat diffused laterally, and as the rock surrounding the fault warmed and became weaker. Eventually, however, upward diffusion of heat would occur faster than laterally outward diffusion, 0.00 4.00 Figure 1 . Maximum shear strain rate of a thin viscous sheet with a strong region immersed within a region of constant viscosity coeffi cient and indented by a rigid object. This simulation is meant to mimic conditions in Asia, where India indents the rest of Eurasia, and the Tarim Basin, which is north of the Tibetan Plateau, behaves as a strong object. The calculation is controlled by two dimensionless parameters, n (see equation 3) and the Argand number, Ar, which is a measure of stress due to crustal thickness variations relative to viscous stress. For the calculation shown, n = 10, Ar = 6, and the sheet has been indented 40% the width of the indenting boundary.
Thus, the shear stress τ xy is nearly constant with distance away from the strong region. A more precise statement is that τ xy decreases slowly with distance from it; presumably, all components of stress vanish at a large distance from the strong region.
The constitutive law relating stress and strain is commonly written as:
Here ε xy is the xy component of strain rate, E is the second invariant of the strain rate tensor, and n and B are material parameters. (In the case of Newtonian viscosity, n = 1 and B is twice the coeffi cient of viscosity.) In the simple case that we have considered, there is only one important component of strain rate, ε xy . Thus, E ε xy = , and equation 3 becomes
If τ xy decreases slowly with increasing x, and B is constant,
ε xy also decreases slowly with distance. For n = 3, for example, if τ xy decreased to half its value at x = 0 over some sensible geological distance x 0 , the strain rate would decrease by 8 times. If stress decreased linearly with distance, the strain rate would drop from its value at x = 0 to half that value at x = 0.406x 0 . and the temperature structure would approach a steady state in which all dissipative heating were lost by fl ow through the top surface in a region near the initial fault (e.g., Thatcher and England, 1998; Yuen et al., 1978) . The width of the region with elevated heat fl ux would scale with the depth distribution of dissipative heating, so that deeper concentrations of dissipative heating would require longer times to reach steady state and would be overlain by wider zones of high heat fl ux. It follows that shear zones through the lithosphere, for which dissipative heating was concentrated at depths of a few tens of kilometers, would in turn be only ~100 km wide (e.g., Leloup et al., 1999; Thatcher and England, 1998) .
Brittle Deformation Above a Continuously Deforming Substratum
The preceding discussion is meant to consider the case in which most of the strain in a large region, hundreds of kilometers in dimension, occurs by slip on a single fault at the surface and within a relatively narrow zone (<~100 km) at depth. The opposite situation seems to characterize some regions, like the Basin and Range Province of the United States or the Tibetan Plateau, where strain is spread over regions ~1000 km in dimension by slip on faults that are tens to a couple of hundred of kilometers apart. In such regions, particularly where slip occurs on normal (or reverse) faults that do not dip vertically, the common image includes such faults widening into diffuse shear zones at depth within the crust and not penetrating the Moho. The Moho beneath the Basin and Range Province, for example, seems to be fl at and not cut by faults (Klemperer et al., 1986) , a fact that has been used to buttress the supposition that strain is continuous in the lower crust and upper mantle (e.g., Fletcher and Hallet, 1983; Froidevaux, 1986) . Although strain cannot be laterally invariant in the upper mantle beneath such regions, a description of deformation that includes blocks of lithosphere ~100 m in thickness, but only tens of kilometers in lateral dimensions moving with respect to one another seems unlikely.
MAJOR INTRACONTINENTAL STRIKE-SLIP FAULTS
Deforming regions many hundreds of kilometers to ~1000 km in dimension, like the Basin and Range Province or most of Tibet, can accommodate ~10-20 mm/yr of movement across them, but in general faults that slip as fast as 10 mm/yr do not occur within such regions. By contrast, in many regions where relative movement is concentrated on a single fault, slip on that fault reaches, if not exceeds, 10 mm/yr. Thus, we use slip rates of ~10 mm/yr or more to identify major faults that could be underlain by narrow shear zones penetrating the entire lithosphere, not just upper crust. Of course, there are notable exceptions to this criterion for identifying major faults; for example, slip on the Dead Sea fault between the eastern Mediterranean and the Arabian shield is <~5 mm/yr (Alchalbi et al., 2010; Gomez et al., 2007; Le Beon et al., 2008; Reilinger et al., 2006; Wdowinski et al., 2004) , but although some deformation clearly does occur adjacent to the fault (e.g., Alchalbi et al., 2010) , it serves as a good example of plate boundary within a continental region.
We compiled a list of major strike-slip faults, including all of those assigned a rate of 10 mm/yr or higher (Table 1; Fig. 2 ), and we assessed evidence for slip rates on them. Both dating of Quaternary offsets and geodetic measurements, particularly using global positioning system (GPS), place constraints on slip rates. In the Appendix, we offer summaries of the relevant data that constrain slip rates and other aspects of the faults tabulated in Table 1 . To the best of our knowledge, Table 1 contains all intracontinental strike-slip faults with slip rates as large as 10 mm/yr, as well as other faults that seem worthy of note. The discussions in the Appendix are built around regions, beginning in Alaska, continuing through western North America and Central America to South America, and then from Anatolia eastward across Asia, to Indonesia and other islands of the western Pacifi c, to New Zealand. Here we summarize faults and slip rates in the context of their relationships to strong regions and to marked viscosity contrasts.
Major intracontinental strike-slip faults have developed in a variety of settings, but only some of them have formed adjacent to regions that are obviously strong. Prominent examples of such a faults are the Fairweather fault, which is the continuation of the Queen Charlotte Islands fault and serves as the North AmericaPacifi c plate boundary along the west coast of Canada and southeast Alaska (Figs. 2 and A1) ; the San Andreas fault in California, which is near the Pacifi c plate (Fig. A2) ; the El Pilar fault in northern Venezuela, which serves as the Caribbean-South America plate boundary (Fig. A4) ; the North Anatolian fault in Turkey, which is near the Black Sea coastline and hence near oceanic lithosphere (Fig. A5) ; the Chaman fault in Pakistan and Afghanistan, which is along the western margin of the India plate, and on which slip absorbs virtually all of the plate motion between the India and Eurasia plates (Fig. A7) ; the Altyn Tagh fault, which follows the northern edge of the Tibetan Plateau and the southern edge of the Tarim Basin (Fig. A7) , which is largely underlain by Precambrian basement and has behaved as a stable platform since Paleozoic time (e.g., Yin and Nie, 1994) ; and the Alpine fault along the west coast of the South Island of New Zealand and adjacent to relatively strong lithosphere (Fig. A13) , which is oceanic in the southern part and is capped by thin crust in the northern part. We contend that some other faults that slip at ~10 mm/yr also are bounded by strong regions, but aspects of them make this association less convincing than for those mentioned above. For example, the western end of the Garlock fault (Fig. A2) , the slip rate of which seems to be slightly <10 mm/yr, is adjacent to the Sierra Nevada block, which seems to behave as a strong object (Argus and Gordon, 1991) . The Boconó fault, the slip rate of which might be slightly <10 mm/yr, is adjacent to the crest of the Mérida Andes in Venezuela, which in turn is bounded on the southeast by the Guyana shield of Precambrian rock (Fig. A4) . The East Anatolian fault in eastern Turkey (Fig. A5) , with slip apparently ~10 mm/yr (e.g., Reilinger et al., 2006) , is near the northwest end of the Arabian plate, though perhaps not close enough to be affected by it. The slip rate for the Dead Sea fault is not >~5 mm/yr, but that slip absorbs relative motion between the Arabian and African plates. For much of its length, the Kunlun fault in northern Tibet lies along the southern edge of the Qaidam Basin (Fig. A7) , which seems to have undergone only mild deformation compared to its surroundings and appears to be underlain by Precambrian basement (Yin et al., 2007 (Yin et al., , 2008a (Yin et al., , 2008b . Moreover, deformation becomes distributed at the ends of this fault, where it dies out, and where it is not adjacent to the Qaidam Basin. Strike slip along the Longitudinal Valley fault in Taiwan (Fig. A9) , at least in places, seems to be rapid, if the data that we have compiled contain inconsistencies (see Appendix). In any case, it lies along the western edge of the Philippine Sea plate. The Sorong and Yapen faults in northwestern New Guinea are near the coastline of the Pacifi c Ocean, and serve as the boundary to the Pacifi c plate, if not to the Australian plate hundreds of kilometers to the south (Fig. A12) . Impressive as most of these faults might be, they comprise only half of the intracontinental strike-slip faults slipping at ~10 mm/yr listed in Table 1 .
For at least one obvious example, the Polochic-Montagua fault zone in Guatemala (Figs. 2 and A3) , the high slip rate may give a misleading impression of how continental lithosphere deforms in this region. The Cayman Trough to the east (Figs. 2 and A3) acts as a transform fault and marks the plate boundary between the North America and Caribbean plates. The Cayman Trough contains two narrow strike-slip fault zones with a short segment of spreading between them. Deformation clearly is localized on the strike-slip faults. Where the western of these faults reaches the continental lithosphere of Central America, however, it splays into at least two, and apparently three separate strands. Moreover, the slip rate decreases westward (Lyon-Caen et al., 2006) . Thus, where the transform fault between oceanic plates passes into a continent without strong lithosphere, the fault splays out and deformation occurs over a broad zone (DeMets et al., 2007; Lyon-Caen et al., 2006; Rodriguez et al., 2009; Rogers and Mann, 2007) . In some ways, the Polochic-Montagua fault zone illustrates how deformation within continental regions tends not be localized when a strong region is absent.
Similarly, ~100 mm/yr of left-lateral shear must be accommodated across western New Guinea (Fig. A12 ), but only the Sorong and Yapen faults seem to be major. The apparent absence of major strike-slip faults within the region where the remaining ~80 mm/yr of strike-slip shear must be absorbed (e.g., Stevens et al., 2002) is consistent with there being no major strength contrasts within the lithosphere beneath the region.
None of the faults discussed above is near a subduction zone, but as Fitch (1972) noted, major strike-slip faults can absorb deformation associated with oblique subduction (Fig. 3) . In such cases, slabs of oceanic lithosphere plunge beneath accretionary wedges of material and adjacent lithosphere seaward of the volcanic arcs. The strike-slip faults strike parallel to trenches, and in many cases they follow closely the belt of volcanoes. Thus, regardless of the nature of the lithosphere landward of the belt of volcanoes, strong oceanic lithosphere underlies the wedge of material seaward of the volcanoes. Two of the major faults listed in Fitch (1972) recognized this relationship in a study of earthquakes in Indonesia and from the style of deformation in Sumatra. The Australia plate moves nearly due north relative to the Sunda block, but subduction of the Australia plate includes a large northeastward component of slip. To compensate for that obliquity, the wedge of lithosphere above the downgoing Australian plate and southwest of the volcanoes slides northwest, relative to Sundaland to the northeast, along the Sumatran fault (Fig. A8) . McCaffrey (1991 McCaffrey ( , 1992 showed further that the variation in slip vectors of earthquakes along the Sunda arc adjacent to Sumatra required that the forearc wedge deform and the slip rate on the Sumatran fault increase toward the northwest, a result corroborated by GPS measurements (e.g., Bock et al., 2003; Genrich et al., 2000; Prawirodirdjo et al., 1997 Prawirodirdjo et al., , 2000 and by estimates of slip rates on segments of the fault (e.g., Bellier and Sébrier, 1995; Bellier et al., 1999; Sieh and Natawidjaja, 2000) .
The Sumatran fault differs from most of strike-slip faults considered here by being somewhat less linear and by following the volcanic arc. Sieh and Natawidjaja (2000) emphasized that the fault is more segmented than most strike-slip faults, with large stepovers between segments. Thus, the zone of deformation at depth cannot be as narrow as a few kilometers in width, as some argue for some major strikeslip faults. More important, the fault follows the volcanic arc. Sieh and Natawidjaja (2000) noted that the fault does not pass beneath all volcanoes, but the volcanoes and the strike-slip fault do share the same zone of activity. McCaffrey et al. (2000) recognized that a belt of volcanoes requires a zone of weakness along the volcanoes, and they suggested that the volcanoes provided a weakness along which oblique convergence could be partitioned into pure strike slip along the Sumatran fault and nearly pure thrust slip along the interface between the Australian plate the forearc. (Molnar and Atwater [1978] argued similarly that inner arc spreading would develop along a zone of weakness created by the volcanic arc and grow into backarc basins). Thus, unlike most intracontinental strike-slip faults, the Sumatran fault inherited a deep zone of weakness.
The Sagaing fault also has a relationship to underthrust lithosphere (Fig. A7 ). It is a continuation of a transform fault in the Andaman Sea, where active seafl oor spreading is occurring (e.g., Curray et al., 1978) . This fault passes east of the Indo-Burman Ranges that deform as a thin-skin fold-and-thrust belt with east-west shortening, so that this region moves westward with respect to India. A belt of intermediate depth earthquakes dips eastward beneath the Indo-Burman Ranges, implying that the ranges are underlain by a slab of oceanic lithosphere that dips eastward and is attached to the Indian plate to the west (e.g., Chen and Molnar, 1990; Ni et al., 1989) . On a larger scale, however, the India plate moves north-northeast relative to South China, and therefore so must the underthrust lithosphere. Thus, the Sagaing fault absorbs a large fraction, if not all, of the strikeslip component of relative plate motion between India and South China. Moreover, although volcanoes are sparse, the fault passes near two major volcanoes at its northern end (e.g., Le Dain et al., 1984) .
We suggest that the Denali fault in Alaska (Figs. 2 and A1 ), the Philippine fault in the Philippines (Fig. A11) , and the Marlboro faults of New Zealand (Fig. A13 ) may also share such relationships with subduction zones. The Pacifi c plate underthrusts southern Alaska at a gentle angle. Using receiver functions, Ferris et al. (2003) mapped a sharply defi ned low-speed zone dipping from 50 to 150 km and reaching its deepest beneath the western end of the Denali fault. They suggested that this zone marks ocean crust on the top of the subducting Pacifi c lithosphere. If this low-speed zone does mark subducted Pacifi c lithosphere, it requires that that lithosphere dip gently and underlie most of the crust south of the Denali fault. The Philippine fault, if sharply defi ned geomorphically and slipping rapidly, remains suffi ciently poorly studied that drawing conclusions here seems risky. As discussed in the Appendix, not only is the slip rate uncertain, but additional deformation possibly associated with rapid slip on other faults seems to occur. Nevertheless, slip on the Philippine fault seems to absorb much, if not all, of the component of relative plate motion parallel to the Philippine trench to its east. The Marlboro faults in the northeastern part of the South Island of New Zealand displace slivers of crust that overlie the Pacifi c plate where it subducts gently and obliquely beneath the island. Although we treat these faults as part of the Alpine fault system, unlike the single, main strand of that fault, the Marlboro faults are underlain by oceanic lithosphere that dips gently westward. Thus, the settings of the Denali, the Philippine, and the Marlboro faults are similar to those of Sagaing fault in Myanmar and the Sumatra fault; they are adjacent to a region that is underlain by subducting oceanic lithosphere.
Slip occurs at ~10 mm/yr or more on 5 other faults in Table 1 . That for the Palu-Koro fault in Sulawesi (Figs. 2 and A11) approaches 40 mm/yr. Several aspects, however, make it hardly typical of major intracontinental strike-slip faults, i.e., its relatively short length of 300 km, the distribution of slip onto four separate strands in the one place where it has been studied well, and a large oblique component with ~11-14 mm/yr of extension across the fault zone. Thus, although it clearly stands out as slipping rapidly without an obvious strong region adjacent to most of it, it is hardly a glaring exception to the pattern of a zone of strong lithosphere adjacent to major intracontinental strike-slip faults. Also crossing part of Sulawesi is the Gorontalo fault, which slices obliquely across the northern arm of the island and slips at ~11 mm/yr (Figs. 2 and A11). This fault also is short, and as much as half of its ~200 km length seems to cut through oceanic lithosphere. Thus, it also seems exceptional, but less for not being obviously bounded by a strong zone, than for being a short, and perhaps shortlived, fault in a tectonically complicated setting.
The Xianshuihe and Garzê-Yushu faults (Figs. 2 and A7), which appear to be continuations of one another, stand out as prominent exceptions to the pattern that we suggest here. The southeast end of the Xianshuihe fault passes near the western end of the Sichuan Basin, which seems to be underlain by relatively strong lithosphere , but most of this fault for its ~300 km length, and all of the Garzê-Yushu fault, which continues westnorthwest for another ~300 km, are within the deforming Tibetan Plateau. We can imagine that the Xianshuihe fault developed because of its proximity to the Sichuan Basin, but we suggest that a safer interpretation is that it is an exception to the pattern.
The Darvaz-Karakul fault (Figs. 2 and A7) may also be an exception, but as discussed in the Appendix, its slip rate seems to be poorly constrained. Moreover, it is not clear whether this fault passes only through sedimentary rock and is truncated below by a layer of salt where the sedimentary rock is detached from the basement, or if it passes through the basement. In the latter case, it would be bounded on the west by relatively strong lithosphere underlying the Tajik Depression. We ignore it here, because too little is known. Table 1 lists many other strike-slip faults that are known well for being sources of major earthquakes or for having been studied thoroughly. Because their slip rates are low we relegate all discussion to the Appendix and ignore them here. Nevertheless, a couple of points do seem worth noting. The most rapid strike slip in Iran seems to be along the eastern margin of the Lut block ( Fig. A6 ), a small fragment of Precambrian crust that had separated from Gondwana and was accreted to Eurasia in Cretaceous to early Cenozoic time (e.g., Stöcklin, 1974; Tirrul et al., 1983) . Thus, this fault zone appears to follow a marked contrast in lithospheric strength. Similarly, the Talas-Ferghana fault (Fig. A7 ), which may slip at a negligibly slow rate (e.g., Mohadjer et al., 2010; Reigber et al., 2001; Zubovich et al., 2007) , separates the deforming Tien Shan from the more rigid Ferghana Valley.
DISCUSSION
If one restricts attention to intracontinental strike-slip faults with slip rates of 10 mm/yr or more (Table 1) , a large fraction of these faults separates one strong block or plate either from another or from a deforming zone. This pattern is enhanced if we include faults adjacent to subduction zones where oblique convergence occurs.
Among the 14 faults slipping at rates >15 mm/yr, 8 of them (the Fairweather, San Andreas, El Pilar, North Anatolian, Chaman, Longitudinal Valley [if perhaps we overestimate its slip rate], combined Sorong and Yapen, and Alpine) seem to bound strong regions. Four have developed along subduction zones where oblique convergence occurs: the Sagaing, Sumatran, Philippine, and Hope faults. We see the Polochic-Motagua fault as an exception that supports this inference, because as a continuation of the Cayman transform fault it splays out into several strands west of its intersection of the coast of Central America. Thus, although one may quibble about peculiarities of the various faults, the relatively short Palu-Koro fault, with a substantial component of oblique extension across it, seems to be the only clear exception, and its rather unusual characteristics might make it exceptional in its own right.
We discussed 10 other faults slipping at ~10 mm/yr: the Denali, Garlock, Boconó, East Anatolian, Darvaz-Karakul, Altyn Tagh, Kunlun, Xianshuihe, Garzê-Yushu, and Gorontalo faults. Among these, the Garlock, Boconó, East Anatolian, Altyn Tagh, and Kunlun faults seem to follow the edges of strong blocks, if the slip rate for the Garlock, Boconó, and East Anatolian faults might be overestimated, and the proximity of a strong region to the East Anatolian fault might be stretched too far to be consistent with the pattern we propose. The Denali fault follows closely the edge of Pacifi c lithosphere subducted at a gentle angle and hence is similar to the Sagaing and Sumatran faults. We contend that we may ignore the short Gorontalo fault, and that too little is known of the Darvaz-Karakul to defi ne it as exceptional or not. As discussed here, the Xianshuihe and Garzê-Yushu faults seem to be the most glaring exceptions to the pattern of strong regions lying close to major faults. Neither is obviously bounded by a strong region, if the Xianshuihe fault does coalesce into a single strand with rapid slip where it diverges from the relatively strong Sichuan Basin. Thus, we suggest that the Xianshuihe and/or Garzê-Yushu faults are "the exception that proves the rule" that major strike-slip faults form at the edges of deforming regions, where a marked contrast in strength facilitates localization of deformation.
As noted in the introduction, localization of strain adjacent to a heterogeneity in strength does not suffi ce to account for the presence of faulting at the surface, or for the degree to which strain is localized in the crust along major strikeslip faults. Other processes, which include dissipative heating, grain-size reduction, and simply fracturing, must occur. Nevertheless, the summary of major intracontinental strike-slip faults presented here suggests that the presence of heterogeneities in strength facilitates strain localization that then can continue by other mechanisms to become major faults.
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APPENDIX. DISCUSSION OF SLIP RATES AND RELEVANT FEATURES OF MAJOR STRIKE-SLIP FAULTS
We discuss strike-slip faults beginning with the Fairweather and Denali faults in Alaska and then the San Andreas system in California. We continue by considering faulting in Central America and South America, and then the Anatolian and Dead Sea faults in western Asia. Continuing eastward, we discuss faults in Iran, Afghanistan, and eastward to Southeast Asia to the Sumatran fault. Next we consider the Longitudinal Valley fault in Taiwan and move south through the Philippines and Sulawesi, and then eastward across the island of New Guinea to New Zealand with the Alpine fault and its splays into the Marlboro fault zone.
Alaska: The Fairweather, Denali, and Totschunda Faults
Pacifi c-North America plate motion in southeast Alaska is essentially parallel to the Queen Charlotte Islands strike-slip fault, a transform fault. The Pacifi c plate subducts beneath southern Alaska and at the Aleutian Trench. The dip of the subducting plate is quite gentle (e.g., Ferris et al., 2003) , and intermediate depth earthquakes occur beneath the Alaska Range, where the Denali fault trends east-west (Fig. A1) . Deformation also extends into Alaska, with slip on the Denali and Totschunda faults accommodating much of the relative plate motion that is not absorbed by subduction in southern Alaska.
Triangulation (Lisowski et al., 1987) , GPS measurements (Fletcher and Freymueller, 2003) , and preliminary dating of late Holocene offsets of minor streams and a moraine (Plafker et al., 1978) suggest that nearly all Pacifi c-North America plate motion is absorbed by slip on the Fairweather fault, the continuation of the Queen Charlotte Islands fault onto land. The most accurate rate is that using GPS; Fletcher and Freymueller (2003) inferred 45.6 ± 2.0 mm/yr of right-lateral slip on this fault, and 3.8 ± 1.4 mm/yr of slip on the southeastern end of the Denali fault.
Although most of the slip on the Fairweather fault seems to be absorbed by underthrusting of the Pacifi c plate beneath southern Alaska, some slip continues on the Totschunda fault to its junction with the Denali fault (Fig. A1) (Lisowski et al., 1987) . The trace named the Denali fault in southeast Alaska diverges from the Fairweather fault northeast of where Fletcher and Freymueller (2003) showed that virtually all of the plate motion was absorbed on this latter fault. Widespread seismicity and active faulting suggest that deformation is not confi ned to slip on the Denali and Totschunda faults (e.g., Freymueller et al., 2008; Page et al., 1995) . For example, at the western end of the Denali fault the initial rupture in the large 3 November 2002 earthquake occurred by thrust slip (e.g., Haeussler et al., 2004; Oglesby et al., 2004; Ozacar et al., 2003) .
Two detailed studies of late Quaternary slip rates show a westward decrease in rates (Matmon et al., 2006; Mériaux et al., 2009) , from 14.4 ± 2.5 mm/yr for the combined slip on the easternmost Denali fault and Totschunda fault (near 143°W), to 12.1 ± 1.7 mm/yr on the Denali fault (near 145°W), to 9.4 ± 1.6 mm/yr (near 148°-149°W), to only 6.7 ± 1.2 mm/yr (just east of 150°W). Biggs et al. (2007) interpreted repeated InSAR (interferometric synthetic aperture radar) measurements from a segment between 147°W and 144°W to suggest a rate of 10.5 ± 5.0 mm/yr. GPS measurements near 149°W give a rate of 9 ± 4 mm/yr (Fletcher, 2002) , which Freymueller et al. (2008) refi ned to 8 ± 1 mm/yr. Freymueller et al. (2008) also reported a relatively low rate of 6 ± 1 mm/yr near 146°W, not far from where Matmon et al. (2006) estimated 12.1 ± 1.7 mm/yr. Repeated triangulation along the Totschunda near 142°W suggests a rate of ~10 mm/yr (Lisowski et al., 1987) , crudely consistent with what Matmon et al. (2006) reported. Thus, there seems little doubt that a rate of ~10 mm/yr characterizes most of the Denali fault.
California: The San Andreas Fault System
Shortly after plate tectonics was established, Atwater (1970) brought understanding to the tectonic history of western North America by treating the San Andreas (Fig. A2) as the boundary between the Pacifi c and North America plates. She recognized that not all of the relative motion of the plates manifests itself as slip on that fault, and noted in particular the widespread deformation in the Basin and Range Province to the east. It later became clear that slip on the obliquely oriented San Gregorio-Hosgri fault, west of the San Andreas fault, also accommodates several millimeters/year of slip (e.g., Graham and Dickinson, 1978) . Nevertheless, with slip on the San Andreas fault system accounting for ~75% of the relative plate motion and being so close to intact Pacifi c plate, there seems little doubt that the San Andreas fault developed near the edge of one essentially rigid plate.
The San Andreas fault splays at both ends into a series of nearly parallel strike-slip faults that collectively absorb the same amount of slip as that concentrated on the single trace in central California (e.g., Bennett et al., 1996; Freymueller et al., 1999; Rolandone et al., 2008; Segall, 2002) . The nearly parallel faults, in turn, slice the crust of northern and southern California into a number of long narrow blocks tens of kilometers in width. Deformation is localized within a region that is <~100 km wide, and deformation within the mantle lithosphere might be similarly localized.
The slip rate is highest in the central segment of the fault, where slip is confi ned to one strand, excluding the San Gregorio-Hosgri fault, which is to the west of the San Andreas. Sieh and Jahns (1984) measured average late Quaternary rates of 33.9 ± 2.9 mm/yr for the past 3700 yr and 35.8 +5.4/-4.1 mm/yr for the past 13,250 yr at Wallace Creek. Noriega et al. (2006) corroborated this rate (30-37 mm/yr) from measurements at another site 18 km southeast of Wallace Creek and with GPS measurements across that region. They showed that steady slip at 30-37 mm/yr below a locking depth of 12 km bounds all GPS velocities within the region; this seems to apply to continuously recorded GPS measurements at sites 70 km apart and spanning the fault (Titus et al., 2005) . Argus and Gordon (2001) gave a slightly higher rate for this region, 39 ± 2 mm/yr (1σ), but this rate includes slip on the San Gregorio-Hosgri fault. Treating the GPS velocity fi eld in terms of relative movements of blocks, Meade and Hager (2005) inferred rates of 36.0 ± 0.5 and 35.9 ± 0.7 mm/yr in 2 segments. With more recent additional GPS data, Rolandone et al. (2008) reported a rate of 31-35 mm/yr.
Farther north, the San Andreas fault splays into a number of faults that surround San Francisco Bay, as well as a small amount of slip from the San GregorioHosgri fault. Geologic studies suggest a lower rate on the northern strand labeled San Andreas than on the San Andreas fault in central California. Prentice (1989) estimated an upper bound on the Quaternary slip of 25.5 ± 2.5 mm/yr at Point Arena, with a preference for a value closer to 20 mm/yr. Niemi and Hall (1992) reported a lower bound of 24 ± 3 mm/yr from a site 45 km northwest of San Francisco. GPS measurements suggest that slip at the order of 40 mm/yr occurs across this region, with slip on at least three different strands. Assuming purely elastic strain on faults that slip below sensible locking depths, GPS measurements can be fi t with a rate comparable to, if possibly slightly slower than, 20 mm/yr on the trace labeled San Andreas (e.g., Argus and Gordon, 2001; Freymueller et al., 1999; Murray and Segall, 2001; Savage et al., 1999) , and rates of ~10 mm/yr on parallel strands to the east. Some geodetic estimates for the Hayward fault (e.g., Murray and Segall, 2001; Prescott et al., 2001; Savage et al., 1999) are larger than Lienkamper and Borchardt's (1996) Holocene rate of 8-9 mm/yr, but a more recent detailed study by Schmidt et al. (2005) gives only ~5 mm/yr. Segall (2002) , however, showed that by allowing for viscoelastic deformation below an elastic layer and by including geologic estimates of slip rates, all data fi t a rate for the San Andreas strand of ~25 mm/yr and ~8 mm/yr for the Hayward-Rodgers Creek fault, as Lienkamper and Borchardt (1996) inferred.
Similarly, relative movement between the Pacifi c and North America plates in southern California occurs by strike slip on several faults (Fig. A2) (Bennett et al., 1996) , with the segment of the San Andreas adjacent to the Salton Sea slipping the fastest at 23.3 ± 0.3 mm/yr (Meade and Hager, 2005) . The remaining plate motion is absorbed by the San Jacinto fault (11.9 ± 1.2 mm/yr), the Elsinore fault (2.7 ± 0.6 mm/yr), and more minor faults. Where these faults coalesce near the northern end of the Gulf of California onto a single strand, the Cerro Prieto fault, the rate reaches 40.0 ± 1.5 mm/yr (Meade and Hager, 2005) . Thus, along most of the San Andreas system, present-day and late Quaternary rates exceed 30 mm/yr and approach, if not exceed, 40 mm/yr. Nowhere is deformation spread across a region wider than ~100 km, consistent with a shear zone of comparable width in the mantle.
In central California, part of the relative plate motion occurs by slip on the San Gregorio-Hosgri fault, which crosses bits of the west coast of central California (Fig. A2) . In a thorough summary of this fault, Dickinson et al. (2005) argued that 156 ± 4 km of right-lateral slip has occurred since 11 Ma, the age of the youngest unit offset by this amount. Thus, the average rate would be ~14 mm/yr. Essentially all geologic estimates of late Quaternary slip rates, however, are notably lower, as are geodetically constrained rates. For example, Weber and Nolan (1995) reported a late Quaternary rate of 3-9 mm/yr. Dickinson et al. (2005, p. 5) stated: "The estimated late Quaternary slip rate of 6-9 mm/yr (best estimate of ~8 mm/yr) for the San Gregorio segment of the fault on the San Francisco Peninsula," and they noted that this is comparable to the maximum rate given by Hanson and Lettis (1994, p. 145) for the San Simeon segment of the fault. Hanson and Lettis (1994; see also Hanson et al., 2004) , however, noted that most of the offset terraces to which they assigned ages yielded notably lower rates. They offered an estimate of 1-3 mm/yr, which overlaps the bounds of 0.9-3.4 mm/yr given by Hall et al. (1994) for the same area. Most studies of GPS velocities also yield low rates of slip on the San Gregorio-Hosgri fault: 3 ± 3 mm/yr (Argus and Gordon, 2001 ), 2.4-5.1 mm/yr , 4.3-5.3 mm/yr , and 5.1 ± 3.5 mm/yr (Savage et al., 1999) . All of these might be underestimates by a few millimeters/year because of movement of GPS control points on the west coast with respect to the Pacifi c plate, for presumably strain accumulates offshore (Beavan et al., 2002) . In any case, the current rate seems to be <10 mm/yr.
Left-lateral slip occurs on the Garlock fault, which is roughly orthogonal to the San Andreas fault (Fig. A2) . Dating of late Quaternary offsets shows that left-lateral slip occurs at ~5.3-10.7 mm/yr in the western segment (McGill et al., 2009 ) and at 4-9 mm/yr farther east (McGill and Sieh, 1993) . GPS measurements show considerably lower rates of only 3 mm/yr or less, but solutions for relative movements of blocks call for substantial extension perpendicular to the fault (Meade and Hager, 2005) . Thus, the GPS data seem still to be incomplete. As the prototypical intracontinental transform fault, slip on the Garlock fault slows and dies out to the east as it is absorbed by extension across grabens to its north and by thrust faulting on the south side at its east end (Davis and Burchfi el, 1973) . In its western part, where the rate seems highest, the Garlock fault is bounded to the north by the Sierra block, which seems to behave as an essentially rigid object (e.g., Argus and Gordon, 1991) .
Guatemala: The Cayman Trough and the El Polochic-Motagua Fault Zone
The Cayman Trough (Fig. A3) behaves as a transform fault separating oceanic lithosphere of the Caribbean and North American plates, and GPS measurements show that slip occurs at ~20 mm/yr (DeMets et al., 2000) . GPS measurements in eastern Guatemala also are consistent with slip at 20 mm/yr on its continuation on land, the Motagua fault (Lyon-Caen et al., 2006) . Farther westward, however, the fault zone splits into several splays of the Polochic-Motagua fault system. Although we are not aware of studies of Quaternary slip rates for any of these traces, GPS data require slower slip on all strands in western Guatemala and a decrease in the overall rate across the zone (Lyon-Caen et al., 2006) . Clearly, deformation is not localized on a single fault in the western two-thirds of this part of Central America (DeMets et al., 2007; Lyon-Caen et al., 2006; Rodriguez et al., 2009; Rogers and Mann, 2007) . Deformation is spread over a zone >~100 km wide, suggesting that deformation at depth also ceases to be confi ned to the narrow zone that characterizes the Cayman Trough. In a sense, this region provides evidence for the opposite idea: where strength heterogeneity is absent, deformation spreads out, and slip is not concentrated on a single trace.
Northeastern South America: The El Pilar, Boconó, and Oca Faults
The El Pilar fault seems to mark the boundary of the Caribbean and South American plates, if some deformation has occurred south of it. We are not aware of studies of Quaternary slip rates for this fault, but GPS measurements constrain the slip rate at ~20 mm/yr Weber et al., 2001) . Virtually all data along the fault can be fi t with this rate and with a locking depth of 14 km. Thus, it provides an example of a major fault adjacent to strong lithosphere. To its west, the El Pilar fault splays into the Boconó and Oca faults (Fig. A4) , which slip more slowly (e.g., Schubert and Sifontes, 1970; Schubert et al., 1992) than the El Pilar fault.
The Boconó fault trends northeast-southwest along the crest of the Mérida (or Venezuelan) Andes (Fig. A4) . Schubert and Cifontes (1970) fi rst estimated a rate of 6.6 mm/yr from a 66 m offset of a moraine and an assumed age of 10,700 yr. Later, with a radiocarbon age of ~20 ka, Schubert et al. (1992) reduced this to 3.3 mm/yr, but more recent studies of nearby sites suggest a rate between 7.3 and 10.7 mm/ yr, the sum of rates across two overlapping strands, for the past 15 ± 2 ka (Audemard et al., 1999 (Audemard et al., , 2008 . Pérez et al. (2001) reported a rate of 9-11 mm/yr from GPS measurements, but their control points come from near the intersection of the El Pilar and Boconó faults. A GPS study by Trenkamp et al. (2002) suggested a rate of 6 ± 2 mm/yr, but they have only a few sites that address this question. In any case, the rate is ~10 mm/yr at most. This fault is bounded on the southeast by the Guyana shield.
The Oca fault continues west of the intersection of the El Pilar and Boconó faults, across the northern edge of Lake Maracaibo, and farther west along the northern edge of the Sierra Nevada de Santa Marta in northern Colombia (Fig. A4) . Although sections of this fault can be seen clearly in the topography and as steep gradients in gravity anomalies (e.g., Case and MacDonald, 1973; Kellogg and Bonini, 1982) , geologic constraints on rates or amounts of slip are sparse. Tschanz et al (1974) reported at least 65 km of right-lateral slip on the fault, but they offered little supporting evidence. Kellogg (1984) suggested as much as 90-100 km of oblique right-lateral slip, from the correlation of serpentinite in the Sierra and outcrops farther east in Venezuela. Pindell et al. (2005) assumed 120 km of slip. By these standards the fault could hardly be called unimportant in the overall history of the region. Estimates of present-day slip rates, however, suggest that it absorbs only a small fraction of Caribbean-South America relative plate motion. Audemard (1996) inferred from his analysis of trenches across the fault, and across a neighboring fault, a total slip rate of ~2 mm/yr in western Venezuela, an inference supported by Cediel et al. (2003) for the region farther west. For the eastern part in Venezuela, reported no resolvable movement between GPS control points across the Oca fault. We ignore it here, though it may have served as a continuation of the El Pilar fault and the plate boundary between the Caribbean and South America plates in the past.
North Anatolian and East Anatolian Faults, Turkey
GPS measurements give a precise rate of 24 ± 1 mm/yr of right-lateral slip along the North Anatolian fault and a less precisely constrained rate of ~10 mm/yr of left-lateral slip on the East Anatolian fault (McClusky et al., 2000; Reilinger et al., 2006) (Fig. A5) . Comparably tight constraints on the late Quaternary average slip rates on either fault do not seem to exist yet. HubertFerrari et al. (2002) (Fig. A5) . Kozaci et al. (2009) interpreted Quaternary rates lower than those measured with GPS as evidence that the period spanned by the GPS measurements is undergoing a transient phase of high slip. In any case, the rate is clearly high.
The Black Sea, which is underlain by oceanic lithosphere, lies just north of the North Anatolian fault and along most its length the shoreline maintains a constant distance from it. Thus this fault follows the edge of strong lithosphere. We are not aware of evidence of a strong region immediately adjacent to the East Anatolian fault, but the Arabian shield lies to its southeast. In any case, its shorter length of ~400 km and lower rate obviously makes it less important than the North Anatolian fault.
Dead Sea Fault, Israel, Jordan, and Syria
Slip on the Dead Sea fault (Fig. 2) is relatively slow, according to both GPS measurements and studies of late Quaternary faulting. Across the southern part of this fault zone, GPS data from Israel give 3.3-3.7 (± 0.4) mm/yr (Wdowinsky et al., 2004) and 4.9 ± 1.4 mm/yr (Le Beon et al., 2008) ; those farther north from Lebanon indicate 4-5 mm/yr (Gomez et al., 2007) , and measurements throughout this zone yield a northward-increasing rate of 4.5 to 4.8 ± 1 mm/yr (Reilinger et al., 2006) . These values accord with a rate of 3.5 mm/yr estimated by Bartov and Sagy (2004) for the past 30 k.y. in the Israeli segment and 4 ± 2 mm/yr in Jordan since 0.5 Ma (Klinger et al., 2000) . Across Syria, farther north, Alchalbi et al. (2010) found GPS data to show a lower rate of 1.8-3.3 mm/yr, as well as evidence that north-south shortening across the Palmyride Fold Belt accommodates part of the difference. There seems little doubt that the slip rate is not >~5 mm/yr, but as the Arabia-Africa plate boundary, this clearly is a notable fault.
Main Recent fault and Other Strike-Slip Faults in Iran
Iran (Fig. A6 ) is host to several major strike-slip faults, many of which are clear in topography seen in aerial photos and space imagery (e.g., Wellman, 1966) . With a variety of orientations across the high terrain of Iran and its surroundings, strike-slip faults absorb convergence between Arabia on the south and Eurasia on the north (e.g., Walker and Jackson, 2004) . Many of Iran's major earthquakes have occurred on strike-slip faults (Ambraseys and Melville, 1982) .
Arguably the most important of these faults is the Main Recent fault, which trends parallel to the Zagros for ~400 km and traverses relatively high terrain northeast of this mountain belt (Fig. A6) . Geomorphologic features offset by this fault can be recognized clearly in the fi eld, and deformation measured with InSAR associated with an earthquake in 2006 shows rightlateral slip (Peyret et al., 2006) . We are aware of three geological studies that assigned slip rates to this fault. 36 Cl to date a fan across which several channels had been offset and inferred a rate between 2.1 and 5.9 mm/yr. At a second locality, on a separate, roughly parallel trace, they dated a pair of fans offset from their upstream sources and obtained a rate between 1.5 and 6.5 mm/yr. As the two localities seem to be on different strands of the Main Recent fault, they suggested that the rate across the zone could be as large as the sum of these estimates: 3.6-12.4 mm/yr. GPS data, however, concur with the lower bound and give 3 ± 2 mm/yr (Vernant et al., 2004; Walpersdorf et al., 2006) . Authemayou et al. (2009) also estimated rates on strands of strike-slip faulting along the Kazerun Line, which crosses the Zagros obliquely. Their measured rates decrease from 2.5-4.1 mm/yr in the north near where the Kazerun Line and Main Recent fault intersect to 1.5-3.5 mm/yr in the central section of the Kazerun Line, to nil in the south near the southern edge of the Zagros. GPS measurements concur with these rates across the Kazerun Line (Tavakoli et al., 2008) .
Active strike-slip faults are abundant in Iran, not just in the Zagros (Fig. A6 ), but most slip at low rates. al., 2009b). Accordingly, they offered 9 ± 2 mm/yr as a total rate across the fault zone. In the region southeast of this area, Shabanian et al. (2009b) reported a rate of ~1.2 mm/yr (0.8-1.8 mm/yr on various segments with different orientations) across the Neyshabur and Chakaneh faults and their continuations. Deformation in this area is more complicated than this brief description might imply, but despite many active faults, none seems to slip as rapidly as even 5 mm/yr.
In central Iran, slip on the Doruneh fault (Fig. A6) , a major east-northeast-trending left-lateral fault, seems to have occurred at 2.4 ± 0.3 mm/yr during Holocene time (Fattahi et al., 2007) . The length of the Doruneh fault is ~200 km, but it can be seen as the eastward continuation of the Great Kavir fault, also ~200 km long, and thus the combined length makes it one of Iran's more important faults. Meyer et al. (2006) and Nazari et al. (2009b) estimated a rate of ~2 mm/yr for the Deshir fault, a north-northwest-trending rightlateral fault ~300 km long in central Iran. East of the Deshir fault, the roughly parallel Anar fault slips at ~0.8 mm/yr (Le Dortz et al., 2009 ).
In southernmost Iran (Fig. A6) , in the transition between underthrusting of ocean fl oor beneath the Makran of Pakistan and that of the Arabian Peninsula beneath the Zagros, a north-south-trending right-lateral shear zone has developed. Regard et al. (2005) measured right-lateral slip on two relatively short northerly trending fault systems, the Minab-Zendan and the Sabzevaran-Jiroft fault systems, each only tens of kilometers long. They offered bounds of 5.1 ± 1.3 or 6.6 ± 1.5 mm/yr on the slip rate for the former, and 6.2 ± 0.7 mm/yr for the latter (Fig. A6) . GPS measurements corroborate rapid slip of ~15 mm/yr across these two fault systems and their surroundings (Peyret et al., 2009 ).
Strike-slip faults are especially ubiquitous in the region surrounding the Lut block in eastern Iran (Fig. A6) . Slip on active strike-slip faults that bound the eastern and western sides of the block presumably accounts for relative movement between the regions east and west of the block (Walker and Jackson, 2004) . Sparse GPS measurements suggest that central Iran moves northward at 16 ± 2 mm/yr relative to the region east of the Lut block (Vernant et al., 2004) . From a 3 km offset of basalt dated at 2 Ma and a 12 km offset of river courses assumed to have formed at 5 Ma, Walker and Jackson (2002) estimated a rate of 1.5-2.4 mm/yr along the right-lateral Gowk-Nayband strike-slip fault, which follows the west side of the Lut block for 300-400 km. Walker et al. (2009) later refi ned this to ~1.4 ± 0.5 mm/yr. Walker and Jackson (2002) suggested ~10 mm/yr of slip on the strike-slip fault system on the east side of the Lut block, largely by taking the difference between the GPS rate of Vernant et al. (2004) and their rate for the Gowk-Nayband fault. To assess rates of slip on the east side of the block, Meyer and Le Dortz (2007) assumed ages of 12 ± 2 ka for geomorphic features offset <100 m and reported a rate of only 2.75-7.5 mm/yr for slip along the east side of block, where the north-southtrending East and West Neh faults and other splays can be traced for ~300-400 km. Walker et al. (2009) estimated a minimum slip rate of ~1.2 mm/yr for one of these strands, the East Neh fault, and noted that this rate is a little lower than that given by Meyer and Le Dortz (2007) , but not inconsistent with it.
Current data cannot reject slip as rapid as 10 mm/yr along all faults within Iran, but if such a fault exists, it seems unlikely to be as long as 400 km. Thus, although strike-slip faulting plays a dominant role in the active deformation of the Iranian Plateau, no single major fault seems to dominate tectonic activity as can be seen elsewhere.
Chaman Fault, Afghanistan and Pakistan
Although the Chaman fault (Fig. A7) is within active deforming terrain of Pakistan and Afghanistan, it seems to serve as the main boundary between the Indian plate to the east and a southern protrusion of the Eurasian plate to the west. The fault does not strike parallel to relative motion between these plates, and therefore cannot absorb all relative movement, but we suspect that it marks the western edge of the effectively rigid Indian plate. The Sulaiman Ranges, which are south of the Chaman fault and seem to spread out onto the Indian plate, appear to result from folding of thick sediment above intact basement of the Indian plate (e.g., Humayon et al., 1991; Jadoon et al., 1993) . In fact, between the foldand-thrust belt in sedimentary rock of the Sulaiman Ranges and the Chaman fault, ophiolitic mélange crops out at the surface and also has been thrust atop the sedimentary rock to the south. Banks and Warburton (1986) showed that these thrust faults also dip gently north-northwest, and therefore inferred that the Indian plate extends beneath crust near the Chaman fault. Humayon et al. (1991) suggested that the northwestern part of this region might be underlain by oceanic lithosphere that once was north of the Indian subcontinent. Bernard et al. (2000) showed that major earthquakes occur at shallow depths, <~10 km, and hence within the sedimentary layers; fault plane solutions indicate largely thrust faulting with contraction oriented approximately radially to the topography in the Sulaiman region, as if the thickened stack of sedimentary rock fl ows outward and downslope over the India plate. Thus, we assume that deformation in the Sulaiman Ranges and the region to its northwest occurs in a thin upper crustal layer detached from the underlying lithosphere.
Although the rate of slip on the Chaman fault almost surely is >10 mm/yr and quite likely between 20 and 30 mm/yr, constraints are weak. Beun et al. (1979) argued, from the existence of a north-south fault in volcanic rock dated at ca. 2 Ma and offset ~60-80 km, that the rate is 25-35 mm/yr, but this requires a large extrapolation of the offset features projected to the fault. Lawrence et al. (1992) noted that four pairs of offset features imply a total offset of 460 ± 10 km. Assuming a date for initiation of slip of 20-25 Ma, they suggested an average slip rate of 19-24 mm/yr, but the brief discussion of the offset features makes this rate tentative. An analysis of InSAR interferograms across a segment of the fault yielded a rate of 28.4 ± 1.2 mm/yr (W. Szeliga and R. Bilham, 2009, personal commun.) , close to that of 29.7 mm/yr predicted for relative movement of India toward Eurasia in this region (e.g., Sella et al., 2002) . The 22° difference in azimuths between strike of the fault in this region, N34°E, and India-Eurasia relative motions, N12°E, requires some convergence perpendicular to the fault, some of which occurs both north and south of it. In any case, most of the relative movement seems to occur on one trace, and the basement on the east (if not also west) side of the fault seems to behave as part of a strong plate.
At its northern end the Chaman fault splays into at least three segments, including the Gardiz fault (Fig. A7) . Differences in velocities of GPS points on opposite sides of it suggest a left-lateral slip rate of 5.4 ± 2 mm/yr (Mohadjer et al., 2010) . Differences in velocities between GPS sites spanning most, but not all, of the northern end of the Chaman fault zone place a lower bound on the slip rate of 18 ± 1 mm/yr across that region (Mohadjer et al., 2010) .
Darvaz-Karakul Fault, Tajikistan
The Pamir, the high plateau north of the northwest end of the Himalaya, seems to undergo mild deformation as it advances northward toward Eurasia. It slides past the Tajik Depression to its west with slip on the Darvaz-Karakul fault absorbing much of that relative movement (Fig. A7) . The Tajik Depression seems to be underlain by thin continental crust (e.g., Burtman and Molnar, 1993; Kulagina et al., 1974) , and both seismic refraction (Kulagina et al., 1974) and geological cross sections (Bekker et al., 1974a (Bekker et al., , 1974b Zakharov, 1958 Zakharov, , 1964 across the depression call for a thick sequence, 10-12 km, of clastic and calcareous sedimentary rock deposited on a thin layer of Jurassic salt. Apparently the lithosphere stretched and thinned in Jurassic time, and subsequent cooling created a basin where thick sediment accumulated on a Jurassic salt horizon (Leith, 1985) . Folding and faulting of the overlying strata, as the sedimentary rock slides with little resistance on the weak salt layer, has created ranges and valleys within the Tajik Depression. At the same time, the lithosphere beneath the basin seems to be cold and strong. Whether the Darvaz-Karakul fault penetrates the salt horizon and into the basement is not clear, and thus what role this fault plays in the regional tectonics is still unresolved. Kuchai and Trifonov (1977) and Trifonov (1978) reported a slip rate of 10-15 mm/yr. They noted offset stream valleys of 5 m and of 20 m; because they found similar offsets of stone walls built during, or possibly since, Sogdian time (sixth to twelfth centuries), they inferred a maximum age of ~1500 yr, which would imply a minimum rate of 13 mm/yr for 20 m offsets. They also mentioned offsets of 60-95 m for late Holocene features, 150-160 m for Holocene features, and 300-350 m for late Pleistocene features, and perhaps 800 m since the beginning of late Pleistocene time, all of which they considered to be consistent with a rate of 10-15 mm/yr. As none of these features have been dated precisely, however, this inferred rate must be considered qualitative at best. Preliminary GPS measurements from continuously recording sites on the west edge of the Pamir and the western part of the Tajik Depression show a component of relative movement parallel to the fault of 11 ± 2 mm/yr (Mohadjer et al., 2010) . Thus, this rate is consistent with the estimates of Kuchai and Trifonov (1977) , but it is also an upper bound, because it treats all relative movement between the control points as refl ecting slip on only one fault. Numerous reports of minor strike-slip faulting within the sedimentary rock of the Tajik Depression (Legler and Przhiyalgovskaya, 1979; Nikonov, 1970; Trifonov, 1978 Trifonov, , 1983 allow for some of the 11 ± 2 mm/yr to be absorbed there, but do not place a tight bound on its magnitude.
Because of the likelihood that the Tajik Depression is underlain by strong lithosphere, rapid slip might result from localized strain near the edge of the strong region. Alternatively, if the Darvaz-Karakul fault penetrated only to the salt horizon and separated two deforming regions, it might an exception to the pattern of major strike-slip faults following the edges of strong lithosphere that we report here. Then, because the slip rate is poorly constrained, this fault might not meet our 10 mm/yr criterion for being a major fault. The curved trace of the Darvaz-Karakul fault, its short length of <300 km, and its lack of clarity along much of its trace suggest that it might be a minor feature.
Talas-Ferghana Fault, Kyrgyz Tien Shan
The Talas-Ferghana right-lateral strike-slip fault (Fig. A7) bounds the western end of the Tien Shan and the Ferghana Valley, the underlying lithosphere of which seems to behave as a strong object (e.g., Burov and Molnar, 1998) . Relative to Eurasia, the Ferghana Valley seems to rotate about an axis just to its southwest (e.g., Reigber et al., 2001; Thomas et al., 1993) . North of the Ferghana Valley crustal shortening within the Chatkal Ranges absorbs northwestward movement of that valley with respect to Eurasia, and south of the valley, the South Tien Shan is thrust over it (e.g., Reigber et al., 2001) . Because north-south crustal shortening occurs across the entire Tien Shan east of the Talas-Ferghana fault (e.g., Abdrakhmatov et al., 1996; Thompson et al., 2002) , slip on that fault cannot be constant along it. Nevertheless, Burtman (1963 Burtman ( , 1964 Burtman ( , 1975 showed that Paleozoic belts had been offset along it by at least 180 km, and perhaps 250 km.
Although the Talas-Ferghana is obvious on both aerial photos (e.g., Burtman, 1963 Burtman, , 1964 Burtman, , 1975 Trifonov, 1978) and satellite imagery (e.g., Tapponnier and Molnar, 1979) , when the majority of the slip occurred is less obvious. Burtman et al. (1996) measured numerous late Quaternary offset features and obtained bounds on ages of some, nearly all of which suggested an upper bound on the rate of ~10 mm/yr. Because all of these bounds agreed with one another, they inferred that the rate is ~10 mm/yr, but subsequent GPS measurements require a much lower rate of not >1-3 mm/yr (e.g., Mohadjer et al., 2010; Reigber et al., 2001; Zubovich et al., 2007) . Thus, we ignore this fault in further discussion.
Karakorum Fault, Western Tibet
Although some have suggested a rate as high as 30-35 mm/yr for late Quaternary slip on Karakorum fault (Fig. A7 ) (e.g., Avouac and Tapponnier, 1993; Liu, 1993) , recent measurements suggest a much lower rate of 3-5 mm/yr. Brown et al. (2002) surveyed offsets on a debris-fl ow fan and dated the fan using cosmogenic nuclides to estimate a rate of 4 ± 1 mm/yr. Chevalier et al. (2005) dated cobbles from features that they reported to be moraines, and estimated a rate of 10.7 ± 0.7 mm/yr, but Brown et al. (2005) showed that their dates favor a rate of 4-5 mm/yr. Using GPS control points spanning the fault, Jade et al. (2004) inferred a rate of 3.4 ± 5 mm/yr. With InSAR, Wright et al. (2003) estimated a rate of 1 ± 6 mm/yr (2σ). Because of its low rate, we ignore this fault in further discussion.
Altyn Tagh Fault, Northern Edge of the Tibetan Plateau
Although a wide range of slip rates have been offered for the Altyn Tagh fault (Fig. A7) , those based on both late Quaternary offsets and space geodesy now seem to be converging toward a rate of ~10 ± 2 mm/yr. In a thorough study of offset features at two sites, Mériaux et al. (2004) reported an upper bound on the rate of 26.9 ± 6.9 mm/yr, and work by Mériaux et al. (2005) and by Xu suggested relatively high upper bounds on rates, >20 mm/yr, for several other sites along the central part of the fault. In a detailed analysis of one of the sites studied by Méri-aux et al. (2004 ), however, Cowgill (2007 showed that the rate at that site could not be more than roughly half their proposed rate, and he estimated the rate to be only 9.4 ± 2.3 mm/yr. Gold et al. (2009) and Cowgill et al. (2009) inferred a rate between 9.0 ± 1.3 and 15.5 ± 1.7 mm/yr for one site near that studied by Cowgill (2007) and between 9 and 14 mm/yr for another. Zhang et al. (2007) reassessed all of the rates reported by Mériaux et al. (2004 Mériaux et al. ( , 2005 and Xu et al. (2005) , and concluded that all were consistent with 10 mm/yr along the central segment, with the rate diminishing to nil at the eastern end of the fault, as others had inferred (e.g., Chen et al., 2000; Meyer et al., 1996) .
GPS measurements consistently show rates of only ~10 mm/yr in the central segment, i.e., 9 ± 5 mm/yr (Bendick et al., 2000) , 9 ± 2 mm/yr (Shen et al., 2000) ; and 9 ± 4 mm/yr (Wallace et al., 2004) . A recent assessment using repeated InSAR interferograms gives 11 ± 5 mm/yr . From estimates of repeat times of earthquakes and amounts of slip, Washburn et al. (2001a Washburn et al. ( , 2001b ) inferred a rate of 10-20 mm/yr, but they seemed to favor a value closer to the lower bound.
We conclude that a rate of 10 ± 2 mm/yr in the central segment of the Altyn Tagh fault is consistent with all data. This fault bounds undeforming, apparently relatively strong, lithosphere beneath Tarim Basin to its north (e.g., Dayem et al., 2009; England and Molnar, 2005; Molnar and Tapponnier, 1981; Reigber et al., 2001; Shen et al., 2001 ).
Kunlun Fault, Northern Tibet
The Kunlun fault (Fig. A7) trends east-west, emanating from within the northern part of the Tibetan Plateau, passing south of the Qaidam Basin, and dying out near the eastern margin of the plateau. This fault is clear on satellite imagery and in the fi eld (e.g., Kidd and Molnar, 1988; Tapponnier and Molnar, 1977) . Early analysis suggested a rate of ~10 mm/yr (e.g., Kidd and Molnar, 1988) and subsequent detailed examination of late Quaternary faulting (e.g., van der Woerd et al., 1998 van der Woerd et al., , 2000 van der Woerd et al., , 2002 and GPS measurements (e.g., Hilley et al. 2005; Zhang et al., 2004) have confi rmed this rate for the segment just south of the Qaidam Basin.
In a particularly thorough study, van der Woerd et al. (2002) presented evidence for slip along the fault at fi ve sites, all of which are south of the Qaidam Basin. For most, they exploited upper bounds on rates, and in all cases these are ~11 ± 2 mm/yr; van der Woerd et al. (2002) also gave enough data to estimate lower bounds, which in most cases are 7-9 mm/yr. Thus a rate of 10 ± 2 mm/yr seems sensible. Li Haibing et al. (2005) estimated the rate at another site near the west end of the trace, ~300 km southwest of the Qaidam Basin. They gave an upper bound on the rate of 10.7 ± 3.5 mm/yr. Using their age for the terrace above the offset riser, however, gives a lower bound of only 5.2 ± 1.7 mm/yr. Thus, the rate might decrease toward the west end of the trace, where it diverges from the Qaidam Basin. Kirby et al. (2007) and Harkins and Kirby (2008) showed that the rate decreases markedly toward the eastern end of the fault, dropping from ~10 mm/yr to nil over a distance of ~200 km, in the segment that is south and east of the eastern end of the Qaidam Basin. GPS measurements near the eastern end also show that localized slip on the Kunlun fault disappears where the fault trace disappears (Kirby et al., 2007) .
Slip seems to occur rapidly where the fault is close to, and hence essentially bounds, the Qaidam Basin, a region of relatively low elevation (~3000 m) compared to the surroundings and with only mild deformation (e.g., Chen et al., 1999; Tapponnier and Molnar, 1977) . To the west, the slip rate on the Kunlun fault eventually must decrease, for the fault cannot be traced clearly west of ~90°E, but whether a lower rate pertains to where Li Haibing et al. (2005) worked cannot yet be ascertained. To the east, where the fault is within deforming crust to its north and south, the rate decreases, and strain occurs over a wide zone (Kirby et al., 2007) . Thus the high slip rate appears to characterize the section where the fault bounds the apparently relatively strong Qaidam Basin, which apparently is underlain by Precambrian basement (Yin et al., 2007 (Yin et al., , 2008a (Yin et al., , 2008b . Where the fault is within deforming crust on both sides, however, strain is spread over a wide region.
Haiyuan Fault, Northeastern Margin of Tibet
The Haiyuan fault (Fig. A7) emanates from within the northeastern margin of Tibet, west of the Qilian Shan, and trends east to east-southeast for ~1000 km before terminating in the Liupanshan, a minor northsouth range that marks the northeastern edge of Tibet (e.g., Burchfi el et al., 1991; Zhang Peizhen et al., 1990 . The eastern ~200 km of the fault ruptured in a devastating earthquake in 1920, with coseismic offsets of ~8 m in the central segment (Zhang Weiqi et al., 1987) . The entire length of the fault can be seen clearly on satellite imagery (e.g., Deng Qidong et al., 1984; Tapponnier and Molnar 1977) and in the fi eld. Although prominent as a topographic feature, the total slip on the Haiyuan fault appears to be modest, only 11-16 km .
From offset landforms and radiocarbon dates of them, Zhang et al. (1988) estimated a rate of 8 ± 2 mm/yr for the eastern segment of this fault, but subsequent work showed this rate to be an overestimate. Lasserre et al. (1999 Lasserre et al. ( , 2002 carried out detailed work in sites farther west, and they obtained estimates of 12 ± 4, 10.5 ± 1.4, and 19 ± 5 mm/yr from three sites. One of us (Molnar) visited the three sites, and suspects that these are upper bounds on rates. For the fi rst, in fact, the reported offset stream valley might not be displaced by slip on the fault; the stream crosses where the fault steps, and a ridge formed by compression in the step has blocked the stream (Lasserre et al., 1999) . In any case, the radiocarbon sample was taken from a terrace suffi ciently low that its age yields an upper bound on the rate. For the second (Lasserre et al., 1999) , I question whether the date assumed for the offset feature actually applies to that feature, and in any case it too would yield an upper bound on the rate. For the third, Lasserre et al. (2002) dated what they assumed to be a moraine, but in the fi eld I found no moraine to be obvious. Li et al. (2009) studied three sites along the eastern part of the Haiyuan fault, including the one that Zhang et al. (1988) had considered most important, and estimated both upper and lower bounds on slip rates and determined rates of 4.2 ± 0.8, 4.5 ± 0.7, and 5.0 ± 2.5 mm/yr. Moreover, they found this to match the rates obtained from repeated GPS measurements of 4.3 ± 1.5 mm/yr and from repeated satellite interferometry measurements of 4.2-8 mm/yr (Cavalié et al., 2008) . Thus, in the eastern segment of the fault, the rate seems to be not >~5 mm/yr.
The sites considered by Li et al. (2009) are hundreds of kilometers east of those studied by Lasserre et al. (1999 Lasserre et al. ( , 2002 . Thus, despite the doubts expressed here, the work of Li et al. (2009) does not rule out the possibility that a higher rate characterizes the fault farther west. Unpublished work by Yuan Dao-yang and by Zhang Peizhen (2004 , however, does yield relatively low rates of 5 mm/yr or less for sites near those studied by Lasserre et al. (1999 Lasserre et al. ( , 2002 ) and yet lower rates farther west toward the western end of the fault. We conclude that slip on this fault is defi nitely slower than 10 mm/yr and unlikely to exceed ~5 mm/yr.
Xianshuihe and Garzê-Yushu Faults, Eastern Tibet and Western Sichuan
To a fi rst approximation, the Xianshuihe and Garzê-Yushu faults (Fig. A7) are continuations of one another, offset from each other by a pull-apart basin (e.g., Allen et al., 1991; Tapponnier and Molnar, 1977; Zhou et al., 1983) . Their somewhat different strikes allows them to be major contributors to deformation that is distributed over a broad region, and hence to behave somewhat independently of one another. Each can be traced clearly for ~300 km; the Garzê-Yushu fault dies out to the west within Tibet. The Xianshuihe fault splays into three strands at its eastern end (Allen et al., 1991) , where it curves southward and is given a different name, and where the rate seems to be lower than that along the main northwest-southeast-trending strand (e.g., Wang et al., 1998) .
Despite intensive study, defi nitive evidence for a late Quaternary slip rate has not yet been published. From a compilation of offsets and published radiocarbon dates of some features, Allen et al. (1991) suggested a rate of 15 ± 5 mm/yr. Wen Xueze, R.J. Weldon, and others subsequently carried out detailed work, with much radiocarbon dating: Weldon (1997 Weldon ( -1999 stated that preliminary results suggested a rate of <9 mm/yr, and possibly as low as 4 mm/yr, but he has allowed that inconsistencies in such dates in some trenches do not permit a tight constraint on the rate (R.J. Weldon, 2007, personal commun.) . In a study of the Garzê-Yushu fault, Wen Xueze et al. (2005) placed an upper bound on the rate of that fault of 10 ± 2 mm/yr. From dates that they gave for terraces above offset terrace risers, our assessment is that the lower bound would be ~8 mm/yr. Initial GPS measurements suggested a rate of ~10 mm/yr for the Xianshuihe fault (Chen et al., 2000) , and results from a denser network yield a rate of 10 ± 2, 10 ± 2, and 11 ± 2 mm/yr across the western, central, and eastern sections of that fault (Shen et al., 2005) . GPS data from the Garzê-Yushu fault, however, are too sparse to constrain the rate. Recent analysis of InSAR data from 1998 to 2008 yields a rate of 9-12 mm/yr for the Xianshuihe fault .
The relatively high slip rate for the Xianshuihe fault, and its westward continuation, the Garzê-Yushu fault, make it the most glaring exception to the pattern that we propose. Both fl anks of these faults appear to be undergoing active deformation, mostly left-lateral strike slip parallel to this main system (e.g., Shen et al., 2005; Tapponnier and Molnar, 1977; Wang et al., 1998) . Neither fl ank seems to be bounded by an effectively rigid block, except at the southeastern end of the Xianshuihe fault where it approaches the Sichuan Basin (Fig. A7) .
Red River Fault, Southwest China and Vietnam
Tight constraints on the slip rate of the Red River fault (Fig. A7) do not yet exist, but all call for a maximum of 10 mm/yr and most suggest as few as 1-3 mm/yr. Estimating a rate is made diffi cult by there being more than one strand of active faulting along some segments of the fault (e.g., Allen et al., 1984; Replumaz et al., 2001; Schoenbohm et al., 2006) . Allen et al. (1984) reported offsets of ~5.5 km in one locality, and Schoenbohm et al. (2006) found others with this offset. Allen et al. (1984) suggested an age of 2-3 Ma, and deduced a rate of 2-3 mm/yr, but allowed for a rate as fast as 5 mm/yr. Replumaz et al. (2001) suggested that stream offsets of 25 km characterize slip on the fault, and they suggested an age of 5 Ma for the incision of the streams to give an average rate of 5 mm/yr. Schoenbohm et al. (2006) preferred this interpretation to that of Allen et al. (1984) . By contrast, from a detailed trenching at one site, Weldon et al. (1994) inferred a rate of 1.6 ± 0.5 mm/yr. GPS measurements favor the lower rates. Using a large-scale array but without sites near the fault, Simons et al. (2007) inferred a rate of 1.6 ± 0.5 mm/yr. From campaign measurements spanning only 2 yr, Duong and Feigl (1998) suggested a rate of 1-5 mm/yr but with low confi dence in the southeast part of the fault in Vietnam. With longer durations and many sites, Shen et al. (2005) reported 2 ± 2 mm/yr in the northwest segment and 1 ± 2 mm/yr in the central segment. On the basis of the low rates from both GPS and some geologic studies, we do not consider the Red River fault further.
Sagaing Fault, Myanmar
The Sagaing (Fig. A7) is obviously a major fault. Historical seismicity has been high (Chhibber, 1934) . It connects to a major transform fault within the Andaman Sea (e.g., Curray et al., 1978) . Curray et al. (1978) gave a spreading rate of ~40 mm/yr for opening of the Andaman Sea and hence also to the slip rate on the transform fault that connects it to the Sagaing fault. In reassessing the magnetic anomalies, with guidance from S. Cande, Curray (2005, p. 212) found the best, but "not truly compelling," match to be 118 km of opening since 4 Ma. Accordingly, Curray (2005) deferred to Raju et al. (2004) , who suggested rates of 16 mm/yr between ca. 4 and ca. 2 Ma, and 38 mm/yr since that time, or an average of ~18-19 mm/yr. We do not fi nd these identifi cations of magnetic anomalies to be very convincing, and hence we do not fi nd these data to constrain the slip rate well.
From geologic study on land, Bertrand et al. (1998) dated a basalt fl ow (0.25-0.31 Ma), the northern and southern edges of which were offset by the fault 6.5 km and 2.7 km, respectively. They offered lower and upper bounds of 10 ± 1 and 23 ± 3 mm/yr, bounds that, although not tight, seem to eliminate rates of 30 mm/yr or more. GPS data also call for a rate lower than 30 mm/yr; Vigny et al. (2003) fi tted velocities on two profi les across the fault with a rate of 18 mm/ yr, but they noted that the fault trace is displaced to the east of the middle of arc-tangent fi t to the velocities, which might suggest that the rate is yet lower. Although the rate might be somewhat <20 mm/yr, the GPS data clearly rule out a rate as low as 10 mm/yr.
Sumatran Fault, Sumatra
The Australian plate moves nearly due north relative to the Sunda block in the region of Indonesia, but subduction of the Australian plate includes a large northeastward component of slip. To compensate for that obliquity, the wedge of lithosphere above the downgoing Australian plate and southwest of the volcanoes slides northwest relative to Sundaland to the northeast along a major strike-slip fault, the Sumatran fault (Fig. A8) , which strikes parallel to the belt of volcanoes (e.g., Fitch, 1972) . McCaffrey (1991 McCaffrey ( , 1992 showed further that the variation in slip vectors of earthquakes along the Sunda arc adjacent to Sumatra required that the forearc wedge deform and that the slip rate on the Sumatran fault increase toward the northwest. Both GPS measurements (e.g., Bock et al., 2003; Genrich et al., 2000; Prawirodirdjo et al., 1997 Prawirodirdjo et al., , 2000 and estimates of slip rates on segments of the fault (e.g., Bellier and Sébrier, 1995; Bellier et al., 1999; Sieh and Natawidjaja, 2000) corroborate McCaffrey's (1991 McCaffrey's ( , 1992 inferences that strain occurs within the forearc and that the slip rate of the Sumatran fault increases northwestward. Bellier and Sébrier (1995) reported a relatively precise rate of 23 ± 2 mm/yr from offsets of streams as large as 1660 ± 30 m cut into the Toba Tuff dated at 73 ± 4 ka. From less precisely dated stream offsets, they inferred a less precise rate of 17 ± 6 mm/yr for central Sumatra and 11 ± 5 mm/yr for southern Sumatra (Fig. A8) . In southernmost Sumatra, Bellier et al. (1999) dated a tuff at 0.55 ± 0.15 Ma; the tuff was incised by streams that have subsequently been offset as much as 2550 ± 100 m, and thus they determined a rate of only 5.5 ± 1.9 mm/yr. Citing their own work (presented only in abstracts), Sieh and Natawidjaja (2000) reported rates of ~27 mm/yr in northern Sumatra and ~11 mm/yr in the central part. Using GPS measurements, Genrich et al. (2000) found that the rate in northern Sumatra decreased from 26 ± 2 mm/yr at 2.7°N to 23 ± 3 mm/yr at 0.8°S. Using much of the same data but with earlier geodetic surveys that allow a 100 yr time span, Prawirodirdjo et al. (2000) reported similar rates.
Longitudinal Valley Fault, Taiwan
The Longitudinal Valley fault (Fig. A9) follows a linear trough separating high mountains to the west from low hills to the east, but it is by no means a simple strike-slip fault (e.g., Shyu et al., 2005) . Geologic studies show that in places thrust faults dip both east and west from the Valley (e.g., Shyu et al., 2005 Shyu et al., , 2006a Shyu et al., , 2006b . Moreover, geodetic data show that along much of the valley the component of convergent motion across the valley is not only faster than the strike-slip component parallel to it (e.g., Angelier et al., 1997; Bos et al., 2003; Lee et al., 2003; Yu et al., 1990 Yu et al., , 1997 Yu et al., , 1999 , but also that the rate of strike-slip varies along the fault (e.g., Bos et al., 2003; Yu et al., 1990 Yu et al., , 1997 Yu et al., , 1999 . Several authors have claimed that the strike-slip component is minor; for example, Barrier and Angelier (1986, p. 39) stated, "The Longitudinal Valley fault is a thrust, with a minor left-lateral strike-slip component (20% of the total movement)"; others (e.g., Yu and Kuo, 2001; Yu et al., 1990 Yu et al., , 1997 Yu et al., , 1999 have reiterated that assertion. At the same time, geodetic data, including those presented by some of these same authors, call for components of left-lateral slip of 10-20 mm/ yr (e.g., Angelier et al., 1997; Lee et al., 2003; Yu et al., 1990 Yu et al., , 1997 Yu et al., , 1999 . In addition, an analysis of geodetic data before and after the largest earthquake to occur in the Longitudinal Valley in the past 75 yr, that in 1951, shows variations in the proportion of strike-slip and thrust components of slip along the fault (Lee et al., 2008 ). In only rare segments of the Longitudinal Valley does there appear to be strike slip on a vertical plane; in much of the region deformation occurs by oblique slip on a plane that dips eastward (e.g., Angelier et al., 1997; Hsu et al., 2003) . At the southern end of the Longitudinal Valley, however, slip seems to be partitioned into thrust and strike slip, but with the strike-slip strand trending north-south, not parallel to the valley (e.g., Lee et al., 1998; Shyu et al., 2008) .
The variation in style and rates of deformation along the Longitudinal Valley fault refl ects, at least in part, the rapid evolution of underthrusting of the Asia southeastern margin beneath the arc that extends north from Luzon to the Ryukyu Islands (e.g., Shyu et al., 2005 Shyu et al., , 2006a Shyu et al., , 2006b Shyu et al., , 2008 . Such underthrusting, and related deformation across the entire island, began in northern Taiwan and has been propagating southward. As a result the style of deformation at any locality in Taiwan has evolved with time during the past few million years. Because intact southeast Asian lithosphere underthrusts the island of Taiwan, none of the fault strands that reach the surface in the Longitudinal Valley continues to depths >~20 km (e.g., Hsu et al., 2003) ; hence none seems to penetrate the mantle, except as a splay from the main underthrust zone. Thus, although strike slip may be rapid, its variation along strike and the absence of a clear vertical fault along most of the Longitudinal Valley make it so different from the other cases discussed here that we do not consider it to be particularly enlightening about intracontinental strike-slip faulting. Nevertheless, it is obviously bounded by strong Philippine Sea lithosphere to the east.
Philippine Fault, Philippines
The existence of a major strike-slip fault crossing the Philippines (Fig. A10) and trending parallel to deep-sea trenches on both sides of the belt of islands has been known for many years (e.g., Allen, 1962) , but detailed geologic constraints on slip rates do not seem to have been published. GPS measurements show rapid slip of 20-40 mm/yr along the trace, with the rate varying along the fault (e.g., Beavan et al., 2001; Galgana et al., 2007; Rangin et al., 1999; Yu et al., 1999) . Rangin et al. (1999) reported a decrease in rate from 22 mm/yr at 7°N to 35 mm/yr near 12°N. Beavan et al. (2001) found that rates differed markedly depending on whether strain was treated as elastic or viscoelastic; with the latter their data suggested a rate of 40 mm/yr at the northern end of the fault, but with the former, the rate could be as little as 15-22 mm/yr. Galgana et al. (2007) subdivided the northern part of the region in Figure A10 into blocks, and using GPS velocities they solved for relative movement of them. Their block boundaries included the Verde Passage and Sibuyan Sea faults (Fig. A10) , and they allowed for differences in rates along the Philippine fault and for slip on these faults. By contrast, although Rangin et al. (1999) inferred 40 mm/yr of left-lateral slip on Verde Passage fault, consistent with what Galgana et al. (2007) deduced, they did not include the Sibuyan fault. Moreover, Rangin et al. (1999) reported 13 mm/yr of each left-lateral slip on and extension across the Legaspi fault, but Galgana et al. (2007) did not include a block boundary at it. The large uncertainties, typically 10-20 mm/yr, do not allow blocks or other faults to be delineated unambiguously or variations in slip rates to be constrained precisely. Obviously, the large uncertainties allow a variety of interpretations. Nonetheless, the Philippine fault clearly is a major fault.
Palu-Koro and Gorontalo Faults, Sulawesi, Indonesia
Two relatively short, fast-slipping faults cross northwestern and northeastern Sulawesi obliquely. transforms into a subduction zone to the north, where seafl oor plunges southward beneath the western part of the northern arm of Sulawesi (e.g., Beaudouin et al., 2003; Silver et al., 1983; Walpersdorf et al., 1998a) (Fig. A11) . Much of its trace is under water, and presumably cuts through thin crust, surely oceanic crust near its northern extremity. To the south, it splays into at least two faults, one of which connects with the Sorong fault, which in turn links with a shear zone across northwestern New Guinea (Fig. A12 ) (e.g., Rangin et al., 1999; Socquet et al., 2006) . Slip on the Palu-Koro fault accommodates rotation of the Sula block or microplate, which is to its east, with respect to the region to the west and north, Sundaland. The axis of rotation is quite close to the region, just east of the northern arm of Sulawesi (e.g., Surmont et al., 1994; Silver et al., 1983; Walpersdorf et al., 1998a Walpersdorf et al., , 1998b . The right-lateral Gorontalo fault, only ~200 km in length, seems to mark the eastern end of the same small Sula block (Socquet et al., 2006) .
Both geologic studies of Quaternary faulting (e.g., Bellier et al., 2001 Bellier et al., , 2006 and GPS measurements (e.g., Socquet et al., 2006; Stevens et al., 1999; Walpersdorf et al., 1998b ) call for slip rates of ~40 mm/yr across the Palu-Koro fault zone. Detailed fi eld investigations, however, suggest that slip on the main trace is not pure strike slip, but includes a substantial normal component (e.g., Bellier et al., 2006) , and detailed GPS data indicate a rate of extension of ~11-14 mm/yr across the fault zone (Socquet et al., 2006) . Moreover, the fault zone seems to include at least 4 major traces separated by ~10-20 km, slipping at rates of 7-13 mm/yr (Socquet et al., 2006) . GPS data also show right-lateral slip at ~11 mm/yr on the Gorontalo fault (Socquet et al., 2006) .
Although these faults slip rapidly, their relevance to our study is marginalized by several aspects. First, the nature of rapid relative movement in this region and repeated collisions of microcontinents with one another require rapid evolution of relative movement and loci of boundaries between blocks (e.g., Genrich et al., 1996) . Thus, these faults could be transient features in an evolving deformation fi eld and not longlived faults. Second, to some extent the faults are plate boundaries between oceanic plates, even if the oceanic part of the Sula block might be small. Third, the obliquity of slip and the width of the Palu-Koro fault zone of ~50 km compared to its length of only ~300 km make it hardly typical of a major strike-slip fault.
Sorong and Yapen Faults, Irian Jaya, Indonesia
Shear must occur rapidly in northwestern New Guinea as the Pacifi c plate moves west-southwest relative to Australia at ~110 mm/yr. GPS control points in the northwestern part of New Guinea move rapidly, at 90-100 mm/yr, westward with respect to Australia (e.g., Puntodewo et al., 1994; Rangin et al., 1999; Stevens et al., 2002) . Although seismicity is high, and large earthquakes that show strike slip occur in this region (e.g., Abers and McCaffrey, 1988; Okal, 1999; Stevens et al., 2002 ), it appears that major faults, if they exist at all, have not been studied in detail. Just west of New Guinea, slip on a major strike-slip fault, the Sorong fault (Fig. A12) , displaces Halmahera north of the fault with respect to much of the Bird's Head south of it at ~20 mm/yr: 19 ± 8 mm/yr (Bock et al., 2003) or 20 ± 11 mm/yr (Stevens et al., 2002) . This fault seems to enter the Bird's Head of northwestern New Guinea. Farther east, seismicity and fault plane solutions show strike-slip faulting on the Yapen fault, just north of Yapen Island and south of Biak Island (Fig. A12) ; GPS measurements suggest slip at 21 ± 9 mm/yr. The sparse number of control points does not allow the rate to be tightly constrained, or even to be assigned unambiguously to a single fault trace.
The ~110 mm/yr of relative movement between the Pacifi c and Australia plates seems to be spread over a zone ~300 km wide, and cannot be fi t by elastic strain associated with slip at depth on a single fault. For example, Stevens et al. (2002) showed that the GPS velocities cannot be fi t if slip occurred on a fault locked to a depth of 50 km, which would necessarily be >100 km south of the Sorong and Yapen faults. They show that the ~100 mm/yr of relative movement can, however, be matched if shear is distributed so that large-scale rotation about a vertical axis occurs. Farther east, much of this deformation seems to occur within the Central Range, and how the Yapen fault continues eastward does not seem to be known.
Alpine Fault, New Zealand
The South Island of New Zealand straddles the boundary of the Pacifi c and Australian plates, and most of the relative plate motion is absorbed by slip on the Alpine fault (Fig. A13) . The angular velocity describing relative motion of the Pacifi c and Australian plates calls for 39-40 mm/yr parallel to the Alpine fault and 9-10 mm/yr perpendicular to it (Beavan et al., 2002) . Both active faulting (e.g., Norris and Cooper, 2001; Sutherland et al., 2006) and geodetic studies (e.g., Beavan et al., 1999; Walcott, 1984; Wallace et al., 2007) imply that roughly two-thirds of the strike-slip component occurs by slip on the Alpine fault, and the remainder is spread across the South Island and perhaps slightly offshore (Beavan et al., 2002) . Norris and Cooper (2001) , in a comprehensive summary of work by Berryman et al. (1998) , Norris (1994, 1995) , Norris and Cooper (1995) , and Sutherland and Norris (1995) , offered a rate of 27 ± 5 mm/yr for the Alpine fault. Sutherland et al. (2006) inferred from numerous offsets of different ages that slip along the southwestern end of the fault occurs at 23 ± 2 mm/yr. Barnes (2009) presented evidence of submerged moraines and outwash fans that have been offset by slip on the Alpine fault at its southwest, offshore end. From dates of 17 +2/-1 ka for the outwash fans and assuming the same ages for the offset moraines, he inferred rates of 27.2 (−3.0/+1.8) mm/yr increasing southwest to 31.4 (−3.5/+2.1) mm/yr (Fig. A13) .
In the northeastern part of the South Island, the Alpine fault splays into four crudely parallel (Howard et al., 2005) . We omit rates constrained by global positioning system measurements here because of space, but most agree with geologically measured rates.
strike-slip faults, and a fi fth to their southeast. The vast majority of the ~480 km of right-lateral slip seems to have occurred by slip on the Wairau fault, the northwesternmost strand, suggesting that slip on the others began much more recently than it did on the Alpine-Wairau strand. Present-day slip rates on most of these faults are not fast; for example, in solving for rates using GPS constraints on relative movements of blocks, Wallace et al. (2007) reported 3.5 mm/yr on the Wairau fault, 5.7 mm/yr on the Awatere fault, 5.3 mm/yr on the Clarence fault, ~18 mm/yr on the Hope fault, and 6.5-7.5 mm/yr on the Porters Pass fault (Fig. A13) . By comparison, using fewer data and a different approach, Bourne et al. (1998) reported rates of 9, 6, 5, and 19 mm/yr for the Wairau, Awatere, Clarence, and Hope faults, respectively. Most of these rates accord with geological estimates (e.g., Knuepfer, 1992) . Zachariasen et al. (2006) reported 3-5 mm/yr for the Wairau fault. Mason et al. (2006) gave 5.6 ± 0.8 mm/yr for the Awatere fault, a slight modifi cation to rates of 6 ± 1.5 mm/yr (Benson et al., 2001 ) and 7 ± 1 mm/yr (Little et al., 1998) . Nicol and Van Dissen (2002) gave a rate of 3.5-5 mm/yr for the Clarence fault.
For the Hope fault, most rates have been determined west of Hanmer Springs, and they are notably less than the ~18 mm/yr given above: 14 ± 3 mm/yr (Cowan, 1990) , 10.5 ± 0.5 mm/yr (Cowan and McGlone, 1991) , or 8.1-11.0 mm/yr to 13.0 ± 1.5 mm/yr (Langridge and Berryman, 2005) . Where these lower rates have been measured, however, the Hope fault is nearly parallel to another fault, the Kakapo fault, with a slip rate of ~6.8 mm/yr (and possibly 8.1-12.1 mm/yr) (Yang, 1991) . Thus, the sum of slip rates on this segment of the Hope fault and on the Kakapo fault is consistent with a combined rate of ~20 mm/yr. Moreover, Langridge et al. (2003) determined a maximum bound of 23 ± 4 mm/yr on the rate for the segment east of Hanmer Springs, consistent with earlier estimates for late Quaternary time of 20-25 mm/yr (Van Dissen and Yeats, 1991) and 18 or 19 mm/yr based on GPS measurements (Bourne et al., 1998; Wallace et al., 2007) . Thus, the high rate east of Hanmer Springs is consistent with these geologic estimates to the west. Farther northeast, much of the slip on the Hope fault seems to end in thrust faults near the coast (Van Dissen and Yeats, 1991) , and although evidence of the Hope fault can be traced offshore (e.g., Barnes and Audru, 1999) , that segment does not seem to a major fault.
Geologic estimates suggest a slip rate of only 3.1-4.2 mm/yr for the Porters Pass fault (Howard et al., 2005) .
